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Catalytic activity and stability of NiPt/C catalysts
for the synthesis of iso-butanol from methanol/
ethanol mixturesy
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Mixtures of sustainably produced ethanol and methanol can serve as educts for the synthesis of higher
alcohols, which are considered carbon-neutral components and feedstocks for the transportation and
chemical sectors. In this respect, this study focused on bi-metallic NiPt catalysts supported on activated
carbon for the synthesis of iso-butanol. Reaction temperature, time on stream, and the inlet concentration
of ethanol were varied to investigate the influence of these parameters on ethanol conversion, the
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selectivities towards iso-butanol, and other reaction products, as well as the space-time yield of the NiPt/C
catalyst. In addition, kinetic parameters were determined. It was found that a reaction temperature of
165 °C was most suitable for the selectivity towards iso-butanol. Activation energies were calculated to
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the range between 110 kJ mol™ and 120 kJ mol™. TEM experiments revealed that there was no ageing
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Introduction

The catalytic upgrading of mixtures of methanol and ethanol
(synthesized from green H, and CO, being separated from
various industrial exhaust streams) to carbon-neutral higher
alcohols (>C,) is increasingly important, as these alcohols are
valuable as components in future fuels and for the chemical
industry. For instance, iso-butanol possesses similar physico-
chemical characteristics to conventional gasoline." Long-
chain unbranched fatty alcohols (>C,,) are used in the
chemical industry as raw materials for lubricant additives.' In
this area, Hiusler et al.>* and Pasel et al.*® investigated the
synthesis, characterization, and catalytic activity of
monometallic (Pt, Cu, Pd, Rh, Ru, Ir) and bimetallic (NiPt,
FePd, FePt, CuNi, and CuFe) catalysts for the reaction of
ethanol/methanol blends into iso-butanol via the Guerbet
reaction. The mechanistic course of this reaction is depicted
in Fig. 1. The catalysts were each applied to an activated
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of the catalytically active species of the NiggPt;/C catalyst during iso-butanol synthesis.

carbon support. If compared to each other, the versatile class
of bimetallic catalysts proved predominant among the
corresponding monometallic host materials, as it offers the
option to tailor its geometric and electronic properties and
establish beneficial and synergistic metal-metal interactions,
which lead to improved catalytic activities and stabilities.®™*°
Therefore, in this study, the focus is on the deeper
understanding of the catalytic behavior of an NigPt;/C
catalyst with a total weight metal loading (Ni plus Pt) of 5%,
as it proved to be the most active and stable in the work
mentioned above. Since deactivation with restructuring was
found in the monometallic Pt/C catalyst over the experimental
period,3 the NigoPt;/C catalyst was examined in detail after
the reaction using TEM. Additionally, the influence of catalyst
synthesis is discussed and evaluated in terms of catalytic
activity. A detailed comparison of the catalytic activity of the
NigoPt;/C catalyst with that of the main representatives of the
Guerbet catalysts™ ™™ at the end of the discussion section
highlights that a low reaction temperature of 165 °C for the
Guerbet reaction to iso-butanol in methanolic solution and a
low precious metal mass fraction constitute the uniqueness
and innovation of the NigoPt;/C catalyst.

With respect to catalysts for the formation of iso-butanol
from ethanol/methanol mixtures other than NiPt/C, the patent
literature discloses several contributions. For the patent by
Fuchs and Querfurth,?® a mixture of methanol and ethanol
vapor was passed over a MgO catalyst at normal and over
pressure and temperatures between 200 °C and 400 °C. The
activity of the MgO could be increased by adding Th, Pb, Ag, U,
Cd, Sn, Cr, Mn, Zn, Fe, Ni, Co, Cu and their oxides or mixtures

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Mechanistic course of the formation of iso-butanol via the Guerbet reaction.®”

of these components. Different mixing ratios of methanol,
ethanol and hydrogen are described. A different patent™
describes the synthesis and the process to produce iso-butanol
on bimetallic catalysts on basic support materials such as
MgO, ZrO,, TiO,, MgAl hydrotalcite, fluorapatite, ZnO, SrO,
BaO and CeO,. The metal alloys consisted of one or more of
the metals Pd, Ni, Rh, Pd, Co, Cu, Pt, Mo, and W. For example,
the PtNi/MgO catalyst with a metal loading of 5% to 10%
showed ethanol conversions of 65% at temperatures of 350 °C
to 450 °C. The selectivity towards iso-butanol was up to 75% at
a liquid hourly space velocity of 1 h™. Vanderspurt and Kao**
report about the combined conversion of ethanol and
methanol in the presence of synthesis gas. Large-pored
mordenites loaded with precious metals and alkali metals were
used for the synthesis of iso-butanol from ethanol and
methanol in the presence of syngas. With a catalyst exchanged
with Li ions, conversions of ethanol up to 96% with a selectivity
towards iso-butanol of 61% were found. By-products were n-
propanol, gaseous hydrocarbons, and other higher alcohols
(C44)- The reaction temperature in this case was 351 °C, the H,/
CO ratio amounted to 0.9, and the gas hourly space velocity
was 8450 h™'. In a different patent, the authors describe the
synthesis of a MnZrZn oxide catalyst doped with Pt and Pd. In
a gas-phase reaction in the presence of synthesis gas, methanol
and ethanol were converted to iso-butanol at 330 °C to 355 °C.
In the experimental examples, ethanol conversions of up to
99.5% at 380 °C are described with the PAMny 357N 26721 30
Lig 06 catalyst. The composition of the product was 62.1 vol%
methanol, 30.8 vol% iso-butanol, 2.1 vol% methyl-butanol, 0.4
vol% ethanol and 1.9 vol% n-propanol. Carlini et al.** describe
the synthesis of iso-butanol from methanol and propanol using
Cu-chromite catalysts and a hydrotalcite-based MgAl support
with different compositions. This support was water-tolerant
and showed a good yield with almost quantitative selectivity to
iso-butanol at 300 °C. In subsequent work, the reaction
temperature was lowered by 100 K with the same selectivity
and yield by using Cu-MgAl catalysts.”® In an earlier work of
this group,”® they used the Cu-chromite catalyst with MeONa
as basic component and found a selectivity towards iso-butanol
of 98% with 61% ethanol conversion.

Tsuchida et al.*” present a detailed investigation about the
application of Caz(PO4), based catalysts with different Ca/P

This journal is © The Royal Society of Chemistry 2024

ratios, which can be either hydrotalcites or hydroxyapatites. As
an example, a mixture of methanol and ethanol in a ratio of 1:
1 reacted at a contact time of 1 second on a hydroxyapatite
catalyst at temperatures from 100 °C to 500 °C and normal
pressure. At 155 °C, this resulted in an ethanol conversion of
0.1%, while the selectivity to 1-propanol 43.3%.
Unsaturated C, alcohols were produced with a selectivity of
44.8%. At temperatures from 357 °C to 509 °C, the selectivities
towards the alcohols decreased, while the formation of olefins
and aromatics increased. Hydrotalcite-based catalysts
containing the metals Co, Ni, Cr and Pt in different
compositions were produced by Kourtakis et al?® Gaseous
methanol/ethanol mixtures reacted at temperatures between
300 °C and 400 °C and pressures between 0.1 MPa and 20.7
MPa in the catalyst bed. The highest conversions of ethanol
were achieved with the Pt-hydrotalcite catalyst, with values of
76.6% at 300 °C (selectivity towards iso-butanol of 13.4%) up to
91.7% at 400 °C (selectivity towards iso-butanol of 8.3%). The
reaction temperature is inversely proportional to the selectivity
to iso-butanol, while the conversion of ethanol increased with
increasing temperature. To date, only a few studies have been
carried out on the synthesis of iso-butanol from ethanol/
methanol mixtures in the liquid phase using heterogeneous
catalysts. Liu et al.*® present an Ir-containing catalyst that has a
“yolk-shell” structure. This structure comprises an inner core of
mesoporous carbon and a thinner, equally mesoporous shell.
The catalyst achieved a TON (turnover number) of 9259 h™ and
a TOF (turnover frequency) of 257 h™" after 36 h at 170 °C. KOH
was used as the base. Siddiki et al.*® used NaOH as a dissolved
base for the methylation of alcohols, ketones and indoles with
methanol in a liquid-phase reaction with Pt/C as a
heterogeneous catalyst. The catalyst with 5% Pt/C showed the
highest formation rate for all compound classes compared to
other carbon-supported transition metal catalysts. The
methylation rate as a function of H, adsorption energies
showed an increase from Re < Ru = Ni < Pd < Rh < Pt in the
range of —3.2 eV to —2.8 eV. The graphical representation results
in a volcano curve for the activity of the metals, which is typical
for the Bronsted-Evans-Polanyi (BEP) relationship.”’ Gupta
et al.** investigated P,N-type phosphaalkene-based Ir complexes
for the reaction between ethanol and methanol forming iso-
butanol. In a reaction over 20 hours, they achieved 60% iso-
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butanol yield with 93% selectivity towards iso-butanol. Liu
et al."’ also used Ir as active component being deposited on
nitrogen functionalized carbon materials for the iso-butanol
synthesis from ethanol and methanol in the presence of water.
They found a selectivity towards iso-butanol higher than 90% at
ethanol conversion >50%. The authors stress the importance of
a uniform dispersion of very small Ir particles on the surface of
the support. Ueda and his co-workers® investigated various
metal oxide catalysts in the temperature range between 340 °C
and 390 °C. The most promising MgO sample achieved 60%
ethanol conversion and 46% selectivity towards iso-butanol.
Wingad et al.** worked with various Ru diphosphine complexes.
The best results of 99.8% selectivity towards iso-butanol and
more than 75% ethanol conversion were obtained at 180 °C and
after 20 hours of time on stream. Olson et al.** synthesized a
MgO loaded commercial activated carbon and deposited small
amounts of Ni onto the surface. This catalyst achieved an
ethanol conversion of 100% and a yield of iso-butanol of 90% at
360 °C. Homogeneous catalyst systems for iso-butanol synthesis
from ethanol and methanol are presented by Messori et al.>°
They present bi-functional catalysts based on Ru, Ir and Mn
complexes with different ligands, such as phosphine, bidentate
bisphosphine, and cyclopentadienone.

Experimental

The 5 wt% NiggPt;/C catalyst was characterized in detail in
ref. 2. In this paper, also turn-over frequencies for this
catalyst are given and compared to those of other bimetallic
activated carbon supported samples.

Catalyst synthesis

For the synthesis of the 5 wt% NiggPt,/C catalyst, the activated
carbon support was weighed and impregnated with a precursor
solution containing the calculated quantities of [Pt(NHj),]
(NO3), (Thermo Scientific) and Ni(NOj3),-6H,O (Acros Organics).
The wetted activated carbon (Sigma-Aldrich) was homogenized
by shaking. Following impregnation, the catalyst precursor was
dried on a rotary evaporator at 40 mbar and a 40 °C water bath
temperature. It was then calcined at 500 °C in an N, stream for
four hours and finally reduced in a volume flow of 2% H, in N,
at 250 °C for one hour.

The NigoPt;@C catalyst from Table 1 was synthesized by
the precipitation of Ni on the activated carbon support. For
this purpose, Ni(NO;); was dissolved as a precursor in
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deionized water and precipitated as Ni(OH);. The product
was aged for one hour at room temperature under stirring,
filtered off, and washed with deionized water. After drying,
the material was impregnated with an aqueous solution of
[Pt(NH3),](NO;),, dried again, calcined at 500 °C for four
hours in an N, stream, and then reduced in a volume flow of
2% H, in N, at 250 °C for one hour.

The catalyst Ni/C from Table 1 was prepared in the same
way as the 5 wt% NigoPt,/C catalyst, but without the addition
of [Pt(NH;),](NO3), to the precursor solution.

Transmission electron microscopy TEM

As a first step, the powder samples were applied to a Cu-TEM
grid. To record the high-angle annular dark field (HAADF) and
energy-dispersive X-ray analysis (EDX) images an aberration-
corrected FEI Titan G2 80 to 200 TEM field emission electron
microscope was used in conjunction with a Super-X EDX
system at 200 eV. For lower resolutions, an FEG TEM Hitachi
HF5000 (Hitachi Europe GmbH, Diisseldorf, Germany) with an
acceleration voltage of 200 eV was employed.®

Carrying out the activity tests

To prepare the reaction solution, 1.8 g of NaOH (45 mmol) and
2.8 g of ethanol (60 mmol) were dissolved in methanol in a 100
ml volumetric flask. In addition, n-decane was added as an
internal standard. In the autoclave (Parr Instrument Company,
Moline, USA), 70 ml of the reaction solution and 250 mg of the
dry catalyst (paricle < 75 um) were weighed. The autoclave was
sealed and pressurized three times with 6 bar N, to exchange
the atmosphere. The impeller stirrer was then switched on at
1000 RPM. The time on stream was four hours and started
when the desired reaction temperature was reached. At regular
intervals of 30 minutes, samples were taken from the reactor
vessel to determine the reaction's progress.

Analysis via gas-chromatography GC

Details of the way in which the GC analyses for this work
were carried out can be found in the publication of Hausler
et al®

Calculations

The calculation of ethanol conversion was performed using
the sum of the concentrations of the different liquid

Table 1 Selectivities towards, and yields of, the main products from the catalytic experiments with differently-synthesized 5 wt% NiggPt;/C catalysts
and a monometallic 5 wt% Ni/C sample, m(catalyst) = 250 mg, d(powder) < 75 um, V(reactor) = 70 ml, T = 150 °C, c(NaOH) = 450 mmol "%, c(n-decane)
= 15 mmol [, c(ethanol) = 1600 mmol %, time on stream: 4 h, methanolic solution

Catalyst [—] Xgton [%] Sl-propanol/Yl-propanol [%]

Siso-BuOH/ Yiso-BuOH [%]

Sl-BuOH/Yl-BuoH [0/0] Sz-methyl-butan-l-ol/Yz-methyl-butan-l-ol [%]

Ni/C 0.07 23.57/0.02 —

NigoPt; cale/C*  0.60 4.37/0.03 52.95/0.32
NigoPt; req/C°  0.82 13.82/0.03 75.23/0.62
NigoPt; @C° 1.29 1.89/0.02 85.88/1.10

18.90/0.01 —

5.90/0.04 21.74/0.13
— 16.36/0.16
— 11.12/0.14

¢ 2-Ethylbutan-1-ol: S = 15.03%, Y = 0.09%. b Acetone: S = 13.19%, Y = 0.03%. ¢ Acetone: S = 1.11%, Y = 0.01%.
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products. In eqn (1), ¢, stands for their respective
concentrations and Z represents their stoichiometric
coefficients for the formation from ethanol and methanol,
respectively.

n
Z v Z
k=i

X(ethanol) =1- ———+——
(ethanol) c(ethanol), t =0

(1)

[I323)

The yield Y; of a specific component “/” was calculated
using the quotient of the measured concentration of
product i and the calculated ethanol concentration of the
feed solution.

Y — i Z
"7 ¢(ethanol), t = 0

(2)

I3

The selectivity S; towards product i
according to the following equation:

was calculated

i Z
Si =

T on
ch‘Z
k=i

(3)

The space-time yield of iso-butanol is defined as the
quotient of the number of moles of iso-butanol formed and
the product of the catalyst mass and time on stream.

n(iso-ButOH)
STY =————=
m(cat)-tg

4)

The activation energy of the reaction can be determined for
constant inlet concentrations of ethanol without
determining the pseudo reaction order “a,” the pseudo rate
constant “k,” and the pre-exponential factor “4” by extending
and then simplifying the equation for the logarithmic rate
law as follows:

In(vy) = In(k) + a-In(cy(ethanol)) (5)
k= A BVRT) (6)
In(vy) = In(4) - }i—AT + a-In(co (ethanol)) )

(8)

E
In(vy) = C~- EA'

Nl

The formation rates “r” in Table 3 for the catalysts in entries
13 to 18 were calculated using eqn (9). In this equation,
A(BET) is the specific surface area being calculated via the
method of Brunnauer-Emmett-Teller.*®

_ c(ethanol)

T A(BET)-tg ()

This journal is © The Royal Society of Chemistry 2024
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Results and discussion

Influence of the synthesis method on the catalytic activity

To determine the influence of the synthesis methods of
impregnation and precipitation, whose details are explained
in the Experimental section, the catalytic behavior of the
NigoPt;/C catalyst was investigated when it was prepared
using these two different routes (see Table 1). As the
reference case, the results from the Pt-free Ni/C sample were
also collected and are displayed in the first line of Table 1.> It
becomes obvious that ethanol conversion was very low, and
no iso-butanol was formed with the Ni/C catalyst. The main
product was acetaldehyde (not shown in Table 1).”> The
second line displays the results with the impregnated Nigo-
Pt,/C sample, which was calcined but not reduced. In this
case, ethanol conversion was slightly increased to 0.60% at a
selectivity towards iso-butanol of approximately 53%. By-
products that formed in significant quantities included
1-propanol, 1-butanol, 2-methylbutan-1-ol, and 2-ethylbutan-
1-0l.> The impregnated, calcined, and reduced NigoPt,/C
catalyst in the third line showed a further increase in ethanol
conversion and selectivity towards iso-butanol, as well as
additionally the formation of acetone with a selectivity of
13.19%. For the formation of acetone, 2 moles of
acetaldehyde reacted to form 3-hydroxybutanal which in turn
decomposed into acetone and CO.*’ 1-Propanol as an
important starting material for iso-butanol was generated
with a selectivity of 13.82%.

The NigoPt;/C sample from the fourth line in this table,
whose Ni component was not impregnated but precipitated,
showed increased ethanol conversion of 1.29% and selectivities
of 1.11% towards acetone, 1.89% towards 1-propanol, and
11.12% towards 2-methylbutan-1-ol. Iso-butanol was the main
product, with a selectivity of 85.88%. From the finding that the
selectivity towards acetone with the precipitated catalyst was
much lower than that of the impregnated, calcined, and
reduced NigoPt;/C catalyst (1.11% vs. 13.19%), a reduced
fragmentation of previously formed higher alcohols in the case
of the precipitated sample can be concluded. The significantly
lower selectivity towards 1-propanol of the precipitated NiggPt,/
C is a positive finding, as it can be derived that the formation
and methylation of 1-propanol took place at higher reaction
rates, thus leading to a higher selectivity towards iso-butanol.
An increased rate for the dehydrogenation of ethanol on the
NigoPt; @C catalyst with the same methylation rate as on the
NigoPtrea/C catalyst would lead to higher acetaldehyde
concentrations with the NigPt;@C sample. As a result, the
condensation reaction of two moles of acetaldehyde and the
subsequent hydrogenation would also increase the
concentrations of 1-butanol and the resulting methylation
product 2-methylbutan-1-ol. As 2-methylbutan-1-ol can also be
formed through the condensation and re-hydrogenation of
acetaldehyde and propanal, the lower concentration of
2-methylbutan-1-ol in the case of the NigoPt;@C catalyst proves
the assumption that the methylation reaction proceeds more
rapidly on the precipitated catalyst.

Catal. Sci. Technol., 2024,14, 7048-7060 | 7051
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Fig. 2 Concentrations of iso-butanol as a function of time on stream and the inlet concentrations of ethanol at different temperatures: a) T = 120
°C; b) T=150°C; c) T =165 °C; d) T = 180 °C, catalyst: 5 wt% NiggPt;/C, m(catalyst) = 250 mg, d(powder) < 75 um, V(reactor) = 70 ml, c(NaOH) =

450 mmol [}, c(n-decane) = 15 mmol I, methanolic solution.

Influence of reaction parameters on iso-butanol
concentrations

To investigate the influence of the reaction temperature, the
inlet concentration of ethanol in the reaction mixture and
the time on stream, respectively, on the formation of iso-
butanol on the 5 wt% NigPt;/C catalyst, reaction
temperatures of 120 °C, 150 °C, 165 °C, and 180 °C were
applied, while the initial ethanol concentrations were set to
100 mmol 1%, 400 mmol 1!, 500 mmol 1™, and 600 mmol
I"%. The time on stream was a maximum of four hours, with
a sample being taken for analysis every 30 minutes. In this
respect, it becomes obvious from part (a) of Fig. 2 that
during the four hours of time on stream at 120 °C, the
concentration of iso-butanol was almost independent of the
inlet concentration of ethanol. At this temperature, the
maximum final concentration of iso-butanol was only 0.55
mmol 1" at an inlet concentration of ethanol of 500 mmol
I”". Given that, at 120 °C only very low iso-butanol
concentrations close to the quantification limit of the gas-
chromatograph were measured at an ethanol inlet

7052 | Catal Sci. Technol., 2024, 14, 7048-7060

concentration of 400 mmol 1", no experiment was carried
out at an inlet ethanol concentration of 100 mmol 1" at
this temperature. For better comparability of the diagrams,
however, their design was always kept the same. As there
was no measurement in the range from 100 mmol 1™ to
400 mmol 1™ at 120 °C, this area is shown in white.
However, at an increased reaction temperature of 150 °C
(see part (b) of Fig. 2), higher final concentrations of iso-
butanol were observed when the inlet ethanol concentration
was 400 mmol 1™ or higher. The maximum concentration
amounted to approximately 8 mmol I™" after a reaction time
of four hours and an inlet concentration of ethanol of 600
mmol 17", This is more than ten times higher than at a
reaction temperature of 120 °C. It is noteworthy that at 150
°C, the concentrations of iso-butanol were -consistently
higher at an inlet ethanol concentration of 400 mmol I
than at 500 mmol 1. This is due to measurement
inaccuracies. At 165 °C (see part (c) of Fig. 2), the positive
effect of an enhanced reaction temperature becomes more
evident. An iso-butanol concentration of 5 mmol 1" was
already reached after 2.75 hours of time on stream, even

This journal is © The Royal Society of Chemistry 2024
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with an ethanol inlet concentration of 100 mmol 17" It
becomes clear from this diagram that an increased ethanol
inlet concentration caused a higher formation of iso-
butanol, with a maximum of approximately 30 mmol 1" at
the highest ethanol inlet concentration and after 4 hours of
time on stream. At a reaction temperature of 180 °C, the
highest formation of iso-butanol was achieved (see part (d)
of Fig. 2). In this case, the concentration of iso-butanol of 5
mmol 1" was already reached after 1.5 hours of time on
stream for the inlet ethanol concentration of 100 mmol 17,
and even after 0.5 hour at ethanol concentrations between
400 mmol 1™ to 600 mmol 1™, Iso-butanol concentrations
in the range of approximately 50 mmol 1" to 60 mmol 17
were observed after 4 hours of time on stream and with
ethanol inlet concentrations of 400 mmol 1™ and 600 mol
1", respectively. Just as with 180 °C, the concentrations of
iso-butanol were in most cases higher at an inlet ethanol
concentration of 400 mmol 1" than at 500 mmol 1. The
measurement series with 500 mmol 1™ inlet concentration
of ethanol can be regarded as a slight deviation from the
general trend. In summary, Fig. 2 shows that all three
factors, namely the inlet concentration of ethanol, the
reaction temperature, and the time on stream significantly
influenced the final concentration of iso-butanol. Thereby,
the increase in temperature had a stronger effect than
enhancing the initial concentration of ethanol. All
experimental data for Fig. 2 are summarized in Tables S1-
S4.f It is noteworthy that catalyst deactivation was not
observed during any of the experiments. Therefore, the
concentration increases of iso-butanol occurred linearly over
the entire reaction period and across all temperatures and
initial concentrations of ethanol.

Influence of reaction parameters on ethanol conversion, iso-
butanol yield, selectivity towards iso-butanol, and space-time
yield of the catalyst

To determine the influence of the reaction temperature
and inlet concentrations of ethanol in the reaction mixture
across several parameters of the process, such as ethanol
conversion, iso-butanol yield, selectivity towards iso-butanol,
and space-time yield of the 5 wt% NigoPt;/C catalyst, a
series of experiments were carried out with the NiggPt;/C
catalyst. In each case, the time on stream was constant
and amounted to four hours. Fig. 3(a) shows that the
ethanol conversion remained low with values of between
0% and a maximum of 2.50% in the temperature range
between 120 °C and 150 °C. At temperatures over 150 °C,
however, there was a significant increase in ethanol
conversion to values of more than 10%. The maximum
conversion of almost 13% was achieved at a reaction
temperature of 180 °C and an initial ethanol concentration
of 400 mmol 1I™'. The diagram for the iso-butanol yield in
part (b) of the figure shows similar trends, with the
maximum yield also being approximately 13%. In the case
of the selectivity towards iso-butanol (see part (c) of the
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figure), significantly differing trends emerged. At reaction
temperatures between 120 °C and 140 °C, the selectivity
towards iso-butanol increased continuously to values of
approx. 80%. In this temperature range, it depended only
slightly on the inlet concentration of ethanol. The main by-
products were acetaldehyde and 1-propanol. However, at
reaction temperatures higher than 150 °©°C, excellent
selectivities towards iso-butanol of 90-100% were achieved,
if the inlet concentration of ethanol was between 100
mmol 1™" and 600 mmol 1. To achieve the most suitable
selectivities, a reaction temperature of 165 °C should be
selected. Then, a wide range for the inlet concentration of
ethanol of between 100 mmol 1™' and 800 mm 1™ can be
applied. Part (d) of the figure displays the space-time yield
of the catalyst and shows that it rose significantly with
increasing reaction temperatures. This stands in good
agreement with previous findings, e.g.,, with respect to
ethanol conversion. However, diagram (d) also shows that
the inlet concentration of ethanol had a stronger impact
on the space-time yield than was found in the cases of
ethanol conversion and iso-butanol yield. While highest
ethanol conversions and iso-butanol yields, respectively,
were achieved at ethanol concentrations in the range from
200 mmol 1™ to 550 mmol 1" at corresponding reaction
temperatures between 170 °C and 180 °C, the most
promising space-time yield, with a value of 4.24 mmol h™
¢!, was obtained at an ethanol inlet concentration of 600
mmol "' at the same reaction temperatures. The exact
numbers relating to ethanol conversion, iso-butanol yield,
selectivity towards iso-butanol, and the STY of the catalyst
in Fig. 3(a)-(d) can be found in the ESI{ in Table S5.

Kinetic measurements

To gain insight into the kinetics of the Guerbet reaction on
the 5 wt% NigoPt;/C catalyst, the method of initial reaction
rates v, was applied, which utilizes the dependence of the
initial reaction rate on the initial concentration of the
respective reaction partners. It primarily aims to determine
the reaction constant and the reaction orders of the educts.
To be able to apply this method, the complex reaction
mechanism of the Guerbet reaction shown in Fig. 1 was
simplified using the following equation:

2CH;OH + CH3CH,OH — CH3CH(CH;)CH,OH + H,O (10)
The application of this method is particularly favorable for
slow reactions and chemical processes in which the reaction
products have no influence on the reaction rate.

It must be emphasized that during the experiments
conducted for this study, the reaction educt methanol acted
not only as a reactant but also as a solvent, as all experiments
were conducted in a methanolic solution. Methanol was
therefore present in large excess and its concentration can be
regarded as constant throughout the course of the reaction.
From the kinetic point of view, this means that the reaction
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Fig. 3 Conversion of ethanol (a), iso-butanol yield (b), selectivity towards iso-butanol (c), and the STY of the catalyst (d) as a function of the
reaction temperature and inlet concentration of ethanol; catalyst: 5 wt% NiggPt;/C, m(catalyst) = 250 mg, d(powder) < 75 pum, V(reactor) = 70 ml,
c(NaOH) = 450 mmol ', c(n-decane) = 15 mmol ['}; time on stream: 4 h, methanolic solution, measuring points are shown as crosses.

order of methanol was set to zero. To rule out the reaction
constant and reaction order of ethanol, Fig. 4 displays the
natural logarithms of the initial reaction rates v, for the
formation of iso-butanol as a function of the natural
logarithm of the initial ethanol concentration at different
reaction temperatures. All experimental data for this figure
are summarized in Table S6 in the ESI} The linear regression
of the data points results in a straight line for each group of
experiments at constant temperatures with the following
general equation:
In(vo) = In(k) + a-In(co(ethanol)) (11)
where “k” represents the pseudo-reaction constant and “a”
stands for the pseudo-reaction order with respect to ethanol.
Following exponentiation, four equations were obtained for
the initial formation rates vy, yielding iso-butanol:
T =120 °C

Vo = 0.19 h™'.¢,(EtOH) > (12)

T=150°C vy =0.05 h™"co(EtOH)*>® (13)

7054 | Catal Sci. Technol,, 2024,14, 7048-7060

T=165°C v, =0.03 h™.co(EtOH)** (14)

T=180°C v, =0.03 h™.co(EtOH)"° (15)
These equations were applied to calculate the time-
dependent concentrations of iso-butanol at the different
ethanol inlet concentrations according to the following
equation (¢ stands for time on stream):
c(iso-butanol) = k-t-co(ethanol)® (16)
In Fig. 5, the measured and calculated time-dependent
concentrations of iso-butanol are exemplarily displayed at
(a) a reaction temperature of 180 °C and an inlet
ethanol concentration of 400 mmol 1" and (b) at a
reaction temperature of 150 °C and an inlet ethanol
concentration of 500 mmol 1™ A comparison between
the values exhibits good agreement. The small deviations
between measured and calculated concentrations of iso-
butanol can be explained by the fact that the amount
of catalyst used in the reaction varied slightly, whereas

This journal is © The Royal Society of Chemistry 2024
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1%, time on stream: 4 h, methanolic solution.

the reaction rate equations were standardized to 250 mg
of catalyst. In addition, a slight conversion of ethanol to
iso-butanol already took place during the reactor heating

period, such that the starting condition without any
formation of iso-butanol was not exactly met. All
experimental data for this figure are summarized in

Tables S7 and S8 in the ESLf

As can be derived from eqn (12)-(15), the pseudo-reaction
orders “a” for the reaction temperatures significantly differ
from each other. While there may still be an overlap between
the values at 180 °C and 165 °C, respectively (a = 1.00 + 0.17
and a = 0.85 + 0.05, respectively), the pseudo-reaction order
at 150 °C with a = 0.58 = 0.06 is significantly outside the
scattering range. In Fig. 6, a linear increase in the reaction
order can therefore be assumed in the temperature range

from 120 °C to 180 °C. The measurement at 180 °C
60
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represents an outlier. All experimental data for this figure are
summarized in Table S9.f

Assuming that the determined pseudo-reaction orders
are correct, it can be concluded that the mechanism for
the formation of iso-butanol is dependent on the reaction
temperature. This in term means that different reaction
steps at different temperatures determine the rate. This
observation has already been discussed in the literature.
Different proposals have been made for the rate-
determining steps.'™*™** Veibel and Nielsen*® concluded
that the dehydrogenation of benzyl alcohol was the rate-
determining step at temperatures between 130 °C and 160
°C, whereas the aldol condensation between benzyl alcohol
and potassium lactate determined the rate between 160 °C
and 180 °C. Their catalysts used were copper bronze,
RANEY® nickel, 10 wt% Pd/C, and Norit. In contrast,
Kibby and Hall'' identified the hydride transfer from the
a-C atom of the alcohol to the neighboring PO,*” group
of their hydroxyapatite catalyst as being the rate-
determining step.

As already explained in the Experimental section above,
the activation energy of the reaction can be determined for
constant inlet concentrations of ethanol without determining
the pseudo-reaction order “a,” the pseudo-rate constant “k,”
and the pre-exponential factor “4” by means of eqn (8). The
corresponding plot of the natural logarithm of the initial
reaction rates v, against the reciprocal of the temperature
then results in a straight line from the slope of which the
activation energy can be calculated. These plots are
exemplarily shown in Fig. 7 for ethanol inlet concentrations
of 600 mmol 1" and 400 mmol 1, respectively. All
experimental data for these figures are summarized in Tables
S$10 and S11 in the ESLj The calculated activation energies
are listed in Table 2.

For concentrations between 400 mmol I™* and 600 mmol
1", the activation energies were comparable in the range
between approximately 110 kJ per mole and 120 kJ per mole.
In the case of the lowest ethanol inlet concentration,

b)

® Measuring points
14 ® — Modeled fit

c(iso-butanol) / mmol I
[ ]

0 T T T r
0 1 2 3 4
Time on stream / h

Fig. 5 Measured and calculated concentrations of iso-butanol as a function of time on stream: a) T = 180 °C and co(ethanol) = 400 mmol ' b) T
=150 °C and colethanol) = 500 mmol I, catalyst: 5 wt% NigoPt;/C, m(catalyst) = 250 mg, d(powder) < 75 um, V(reactor) = 70 ml, c(NaOH) = 450

mmol |, c(n-decane) = 15 mmol [, methanolic solution.
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Fig. 6 Pseudo-reaction order “a” for the formation of iso-butanol as a
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m(catalyst) = 250 mg, d(powder) < 75 pm, V(reactor) = 70 ml, c(NaOH)
= 450 mmol |}, c(n-decane) = 15 mmol [, time on stream: 4 h,
methanolic solution.

however, the value for the activation energy significantly
decreased to approximately 76 kJ per mole.

Investigation of the metal surface after the reaction

To investigate the effect of the reaction conditions (reaction
temperature, time on stream) on the appearance of the Ni
and Pt catalyst particles being deposited on the activated
carbon support, transmission electron microscopy (TEM) was
utilized. In this respect, Fig. 8 shows TEM images of the fresh
NigoPt;/C catalyst (see line a)) and of the samples used after
test runs at 180 °C for four hours (see line b)) and at 150 °C
for 24 hours of time on stream (see line ¢)). In each case, the
first two columns display high-angle annular dark-field
(HAADF)-TEM images at different magnifications, which are
supplemented in the third column by energy-dispersive X-ray
analysis (EDX) measurements. In all of these, the Ni particles
are shown in green and the carbon carrier in orange. The
fourth column displays high-resolution (HR)-HAADF-TEM
images of the two used and fresh samples.

The HAADF images in row a) for the fresh NiggPt,/C
catalyst show that the particles are statistically distributed
and exhibit only slight signs of agglomeration. The particle
size is approximately six nm and the particles are separated
from each other. Pt could not be detected by EDX in either
the fresh or the used catalysts. This fact is explained by a
homogeneous distribution of Pt atoms in the catalyst
material. The absence of Pt signals in the used catalysts
indicates that there was no phase separation between Ni and
Pt during the reaction.

Row b) shows, from left to right, an overview image, the
magnification of the overview image, the corresponding EDX
mapping, and an HR-HAADF-TEM of the NigPt,/C catalyst,
which was used in the iso-butanol synthesis at 180 °C for
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Fig. 7 Natural logarithm of the initial reaction rates vy for the
formation of iso-butanol as a function of the reciprocal of the
temperature at ethanol inlet concentrations of 600 mmol ™ (a) and
400 mmol ' (b), catalyst: 5 wt% NigoPt;/C, micatalyst) = 250 mg,
d(powder) < 75 um, V(reactor) = 70 ml, c(NaOH) = 450 mmol ', c(n-
decane) = 15 mmol [}, time on stream: 4 h, methanolic solution.

four hours of time on stream. The overview image shows that
the particles are also statistically distributed. The
magnification clearly indicates that the particles are similar
in size to those of the fresh catalyst. The HR-HAADF image
displays a crystalline particle with a lattice plane spacing of
0.2 nm. Row (c) presents the corresponding images of the
catalyst, which was used in the C-methylation reaction at 150
°C for 24 hours on stream. All four figures clearly show that
the outer appearance of the catalyst particles, as well as the
EDX mapping, have not changed significantly compared to

Table 2 Activation energies for different inlet concentrations of ethanol,
catalyst: 5 wt% NiggPt;/C, m(catalyst) = 250 mg, d(powder) < 75 um,
V(reactor) = 70 ml, c(NaOH) = 450 mmol %, c(n-decane) = 15 mmol (%,
time on stream: 4 h, methanolic solution

Cl—]

C6°" [mmol 17] E, [kJ per mole]

600 34.16 £ 1.67 117.85 + 5.89
500 31.95 £ 3.00 110.66 + 10.60
400 32.44 £ 0.52 112.40 + 1.84
100 21.25 + 3.85 76.17 £ 14.03

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 HAADF-STEM and EDX investigations of: a) fresh NiggPt;/C catalyst. b) NiggPt;/C catalyst after 4 h of time on stream at 180 °C. c) NiggPt;/C

catalyst after 24 h of time on stream at 150 °C.

the catalyst samples from the first two lines. It can therefore
be concluded from the analyses using TEM that there has
been no ageing of the catalytically active species of the Nigo-
Pt,/C catalyst during the iso-butanol synthesis.

Fig. 9 displays the particle size distributions of the
different fresh and spent catalyst materials as a box plot. It
shows that the particle size distribution of the fresh catalyst
was in the range between 2.34 nm and 12.04 nm. The second
and third quartiles ranged from 5.28 nm to 7.55 nm. The
median particle size was 6.43 nm (N = 375). For the catalyst
used in the reaction at 180 °C for four hours, the values of
the particle sizes ranged from 0.88 nm to 14.39 nm. The
second and third quartiles were further apart than for the
fresh catalyst and ranged from 4.82 nm to 8.38 nm.
Compared to the fresh catalyst, the median was only slightly
higher, at 6.54 nm (N = 844). The dispersion of the particle
sizes of the catalyst used in the reaction at 150 °C for 24 h
ranged from 1.66 nm to 12.83 nm for the maximum particle
size. However, the quartiles were now in a range from 5.08
nm to 8.17 nm, with a median of 6.71 nm (N = 677). No trend
can be recognized in the almost symmetrical box plots that
would suggest that the particle sizes increased with the
reaction temperature or time on stream.

Classification of the NigoPt,/C catalyst within the group of
Guerbet catalysts

For this sub-section, literature data with respect to the
formation rates for the Guerbet alcohols of the main
representatives of the Guerbet catalysts was collected and
used as benchmark. It is compared with the formation rates

This journal is © The Royal Society of Chemistry 2024

for iso-butanol of the NigPt,/C from this work and several
commercial monometallic activated carbon supported
catalysts. The formation rates were calculated using eqn (9).
These data are summarized in Table 3. For reasons of clarity,
the table was arranged in descending order of reaction
temperature.

16 25%~75%
I Min~Max
14 | — Median line 14.39
©  Mean value ——12.83
12 —12.04
10
g 8 F 8.17
= 6.72
° 6r - -6.71
4 5.28 5.08
2 ——2.34 1 16
0 -
-2
fresh 180°C / 4h 150°C / 24h

Fig. 9 Box-and-whisker plot of the particle distribution from the TEM
measurements of the NiggPt;/C catalyst from Fig. 8. The top and
bottom numbers give the whiskers and describe the range of the
particle size distribution. The second numbers from the top and
bottom indicate the particle size range, which comprises the second
and third quartiles in the green box. The third number from the top
indicates the mean value, which is also marked with a circle. The third
number from the bottom indicates the median; sample sizes: Ngesh =
375, Nan, 1800c = 844, Naap, 1500c = 677.
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Table 3 Formation rates for the Guerbet alcohols of the main representatives among the Guerbet catalysts compared with the formation rate for iso-
butanol of the NiggPt;/C and several commercial monometallic activated carbon supported catalysts

Number Catalyst [—] T [°C] R [nmol m™s™"] Reference
1 Rb-LiX 420 4.3 pmol g™' 57! 12

2 B-Tri-calcium-phosphate 405 54.0 11

3 MgO 400 8.2 18

4 Mg-Al-oxide 400 3.6 31

5 Cao 397 1.1 26

6 K-CuMg;CeOy 300 0.8 14

7 Hydroxyapatite (Ca/P) = 1.67 300 13.0 11

8 Hydroxyapatite (St/P) = 1.70 298 6.5 19

9 Cu;Ce/AChacch 250 5.0 15

10 Cu;3Ce/ACcont. 250 10.3 15

11 CuMg,Al, 230 93.4 13

12 Ir/NC 160 2.1 17

13 NiooPt,/C 165 0.78 + 0.02 This work
14 Pd/C 150 0.028 + 0.001 3

15 Rh/C 150 0.014 + 0.001 3

16 Cu/C 150 0.153 + 0.001 3

17 Ir/C 150 0.093 + 0.002 3

18 Pt/C 150 0.94 + 0.02 3

It becomes obvious from this table that most of the
catalysts in entries 1 to 11 show higher values for the
formation rate in comparison to the value of 0.78 nmol m™
s of the NigPt,/C catalyst from this work (entry 13).
However, they all worked at significantly higher reaction
temperatures. The catalyst CuMg,Al; with a high formation
rate of 93.40 nmol m™ s ' being operated at 230 °C
underwent deactivation within two to three hours of time on
stream and a strong reduction in the number of acidic and
basic centers compared to the fresh catalyst material."® In
addition, it should be mentioned that Faba et al.'® only used
ethanol as educt whose reactivity as alkylation reagent is
much higher than that of methanol as methylation reagent
being used as co-educt for this work (molar ratio methanol to
ethanol of 15:1 to favor the formation of iso-butanol).® In
the case of the CuzCe catalysts from entries 9 and 10, it was
shown that the formation rate at a reaction temperature of
250 °C could be doubled as soon as the reaction was carried
out as a continuous gas-phase reaction. This potential for
increase has not yet been exploited for the NiPt catalyst from
this work. In the work by Liu et al. in entry 12,"” methanol
and ethanol were converted to 1-butanol and iso-butanol in a
liquid-phase reaction with water as the solvent. The Ir/NC
catalyst showed good stability over a reaction period of 16
hours. However, it should be noted again that the molar ratio
of ethanol to methanol was in the range of 6:1, which
explains the higher formation rate of 2.1 nmol m™> s™.

Compared to these data, the catalyst NigoPt; catalyst
prepared in this work showed a good formation rate for iso-
butanol at a low reaction temperature of 165 °C and a low
precious metal mass fraction in methanolic solution without
deactivating over a period of 24 hours. It therefore shows
potential  for operation. All commercial
monometallic catalysts from entries 14-18 suffered from
rapid deactivation (Pt/C) and/or much lower formation rates
for iso-butanol.?

continuous
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Conclusions

Bimetallic NiPt/C catalysts are active and stable materials for
the synthesis of iso-butanol from ethanol/methanol blends
via the Guerbet reaction scheme. When experimentally
varying the reaction temperature, the inlet concentration of
ethanol and time on stream, the reaction temperature was
found to have the strongest impact on ethanol conversion,
the selectivity towards iso-butanol, the yield of iso-butanol,
and the space-time yield of the catalyst. Maximum ethanol
conversion was achieved at 180 °C with 13% at an ethanol
inlet concentration of 400 mmol 1", Above approximately 150
°C, selectivities towards iso-butanol in the range of 90-100%
were achieved if the inlet concentration of ethanol was
between 100 mmol 1™* and 600 mmol I™*. To be able to set up
a wide ethanol-to-methanol mixing ratio at the highest
possible selectivities towards iso-butanol, a temperature
range of 160-170 ©°C should be chosen. During the
experimental evaluation of the reaction, no signs of
deactivation of the catalyst were recognizable. This applies to
all the temperature and concentration ranges investigated.
The method of initial reaction rates was used to determine
the kinetic parameters of the reaction. Due to the
experimental condition that all experiments were carried out
in a methanolic solution, the methanol concentration was
considered constant. As a result, four rate laws were
obtained. The corresponding reaction orders varied greatly
and approached a value of one for higher reaction
temperatures. For a temperature of 120 °C, a slightly negative
reaction order was found, whereas for temperatures in the
range of 150-180 °C, a directly proportional correlation with
the ethanol concentration at the start of the reaction was
determined. The concentrations of iso-butanol calculated
from the rate laws showed good agreement with the
experimental data. Without explicit calculation of the
pseudo-reaction orders, the determined activation energy was

This journal is © The Royal Society of Chemistry 2024
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in the range of approximately 110-120 kJ mol™*. TEM and
EDX measurements of the fresh and used catalysts showed
that the fresh catalyst featured statistically-distributed
particles without clear agglomeration. Most of these particles
had a diameter of about six nm. The catalyst, after four hours
of time on stream at 180 °C, also exhibited statistically-
distributed particles of similar sizes. The HR-HAADF-STEM
images showed crystalline particles with a lattice plane
spacing of 0.2 nm. After 24 h, the catalyst on stream at 150
°C showed particles that did not differ from those described
previously. No evidence of catalyst deactivation was found via
the TEM and EDX measurements, which is in good
agreement with the results from the experimental evaluation.
It was also shown that the synthesis procedure can have a
positive influence on the catalytic properties of the NigoPt;/C
catalyst. By producing the catalyst via precipitation of Ni with
NaOH as Ni(OH); and subsequent impregnation with the Pt
precursor, a catalyst was obtained that is characterized by a
higher formation rate of iso-butanol and a higher selectivity
towards iso-butanol.
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